With rapid development of micro fabrication technology, the production level of micro inertial devices has increased, which promoted the performance improvement of Micro Inertial Measurement Unit (MIMU). Measurement precision of MIMU is one of the most significant indexes, especially for the application of the guided spinning projectiles. In order to improve the measurement precision of MIMU, this paper presents a novel calibration method. The calibration model is established and the derivation for parameters estimation has been introduced. By the multirate tests and multiposition tests, all the parameters in the calibration model can be well estimated. Verification experiment shows that the proposed method has the same compensation effect as the traditional method, but it can alleviate the computing burden for the system. Thus the proposed method will have a wide application prospect for the future engineering calibration.
Introduction
Nowadays, along with the development of micro fabrication technology, the manufacturing level of micro inertial devices has increased, which sprung up the production of Micro Inertial Measurement Unit (MIMU).
In general, MIMU contains three Microelectromechanical Systems (MEMS) gyroscopes and accelerometers [1] . However, profit from the improvement of the integrated circuit manufacture, commercial MIMU such as HG1930, STIM300, and ADIS16488A in the market, has developed towards multiple degrees of freedom [2] [3] [4] . Digital magnetometers, pressure sensor, or some other sensors are integrated on them. Therefore, the whole performance has greatly enhanced and the aforementioned MIMU have the advantages of light weight, small size, low cost, high reliability, and long lifespan [5, 6] .
Generally, MEMS gyroscopes and accelerometers of MIMU are installed on a 3D orthogonal plane under the ideal condition. However, for the reason of the machining error, 3D orthogonal planes will not be completely orthogonal with each other, which will induce the installation errors for the measurement. Moreover, the bias errors and scale factor errors of the inertial sensors will also affect the measurement precision. In order to satisfy the application requirements of the designed MIMU, all of these errors should be reduced or compensated. Thus, the calibration for MIMU should be carried out.
Before implementing the calibration, the calibration model should be established. As shown in the literature, the calibration model is usually established based on the bias errors, the scale factor errors, the installation errors, and some other related parameters [5, [7] [8] [9] . By means of the calibration, all parameters in the calibration model can be obtained. The calibration method for MIMU can be divided into two kinds. One is the traditional calibration method and the other is the systematic calibration method. Traditional calibration method has been well developed. It needs the high precision equipment (such as a turntable) to provide the orientation and the rate excitations, and then the parameters in the calibration model can be obtained by the optimal estimation algorithm [10] [11] [12] . Zhang et al. proposed an improved multiposition calibration method on the fact that the norms of the measured outputs of the gyroscope and accelerometer are equal to the input rotational velocity and the specific force. And then the real tests certificated that the proposed method outperformed the traditional method [13] . Traditional calibration method has the advantage of high accuracy, but the disadvantage is that the calibration precision of the parameters in the calibration model can be easily affected by the error of the turntable control system and the installation precision between MIMU and the turntable. Systematic calibration method will observe the errors of the navigation parameters (such as the attitude errors, the velocity errors, and the position errors), and then the parameters in the calibration model can be estimated by some estimation algorithms [14] [15] [16] [17] , such as fitting methods and filtering method. Fitting method should establish the particular rotation excitation for the parameters. Savge proposed two kinds of rotation procedures and then realized the estimation of the parameters in the calibration model by fitting method [18] . Filtering method often applies Kalman filter to estimate the parameters in the calibration model. By observing the velocity errors or the position errors of the navigation system under different motion, the state vector which contains the parameters in the calibration model can be estimated. Based on the principles that the magnitude of the specific force should be equal to the gravity vector and the gravity vector should be equal to the computed gravity vector which is calculated by the gyroscope outputs, Ding et al. proposed multiposition calibration method for low cost MEMS IMU and applied a Kalman filter to estimate the parameters in the calibration model [19] . Systematic calibration method has the advantage that the calibration can be implemented without any special equipment, but the disadvantage is that the calibration accuracy is limited.
In the abovementioned methods, since the parameters have been obtained, all parameters should be substituted into the calibration model to get the actual input angular rates and specific forces along three axes of MIMU. During this process, the calculation of the inverse matrix [20] will be needed, which obviously increases the computing burden of the system.
As we know, the bias errors, the scale factor errors, and the installation errors of the inertial sensors will affect the measurement precision of the MIMU. In this paper, we provide a new calibration method for MIMU from the point view of the engineering application. Different from the exiting method, this method does not need to calculate the inverse matrix; thus it can alleviate the computing burden of the system.
For the reason that MIMU is designed to be used for the application of the guided spinning projectile, high range gyroscope is selected for the measurement of rotational speed along the projectile axis in this design. MSG7100D-3600 has the dynamic range of ±3600 ∘ /s for angular velocity, and it is installed along -axis to measure the rotation speed along the projectile axis. MSG7100D-300 has the dynamic range of ±300 ∘ /s, and two MSG7100D-300s are installed along -axis and -axis, respectively. When the projectile is lunched, there exists high shock. The shock survivability of MSA6000D-50 is 20000 g; thus three accelerometers are installed along three axes, which can bear any shock from projectile axis. The designed MIMU is illustrated in Figure 1 .
The structure of this work is as follows. In Section 1, the common calibration methods for MIMU have been introduced, in which the advantages and disadvantages of them have been summarized. And then the designed MIMU which needs to be calibrated has been presented. In Section 2, the calibration method for the designed MIMU will be proposed, which contains the established calibration model, the calibration procedure, and the derivation for parameter estimation in the calibration model. In Section 3, the experimental tests will be carried out according to the given procedures in Section 2. And then error analysis of the calibration results will be discussed. Finally, conclusion will be drawn in Section 4.
Calibration Method for MIMU

Model Establishment for MIMU.
In order to have better application for engineering application, we establish the following calibration model for the outputs of MIMU which contains the triaxial angular rates and specific forces. Different from the existing calibration model, the following model can avoid the calculation of the inverse matrix; thus it can alleviate the computing burden for the system. Output model for triaxial angular rates is as follows: 
Output model for triaxial specific forces is as follows: 
where and ( = , , ) mean the output angular rate and specific force of -axis, -axis, and -axis, respectively. and ( = , , ) mean the measurement of gyroscope and accelerometer; 0 and 0 ( = , , ) mean the bias errors of the angular rate and specific force of -axis, -axis, andaxis.
( = or , , = 1, 2, 3) is the coefficient related to the measurements of three gyroscopes and accelerometers, which needs to be calibrated. 
Calibration Procedure for MIMU.
Three-axis turntable applied for the calibration is shown in Figure 2 . Install MIMU on the plane of the inner frame, while -axis of MIMU is along with the axis of the medium frame in the turntable, -axis points to the front and is perpendicular to -axis, andaxis is along with the axis of the inner frame in the turntable. Turn the power on, and preheat MIMU for 10 minutes. And then implement the calibration procedure. Calibration procedure includes multirate tests and multiposition tests.
Multirate Tests.
After the initialization of the turntable, multirate tests will be carried out as follows.
Step 1. Adjust the medium frame in order to set -axis point up, and acquire gyroscope outputs from MIMU when the turntable keeps stationary; denote by
Rotate the outer frame with the following rotation rates: 
Step 2. Adjust the inner frame to set -axis point up, and acquire the gyroscope outputs from MIMU when the turntable keeps stationary; denote by Step 3. Adjust the medium frame to set -axis points up, and acquire gyroscope outputs from MIMU when the turntable keeps stationary; denote by (0) = [ (0); (0); (0)]. Rotate the inner frame with the following rotation rates: 0 Step 4. Rotate the medium frame so as to set -axis points down, as shown in Figure 3(a) Step 5. Rotate the medium frame and inner frame so as to set -axis points down, as shown in Figure 3 (b). Rotate the medium frame with the rotation angles as in Step 4 and acquire accelerometer outputs from MIMU; denote by
Step 6. Rotate the medium frame and inner frame so as to set -axis points down, as shown in Figure 3( 
And when the frame rotates counterclockwise with the rotation rate − , we can write the following equation: 
Equations (3)- (4) 
where Δ ( ) ( = , , ) means the difference of the rotation rates between the frame rotations clockwise and counterclockwise. Δ ( = , , ) means the difference of gyroscope outputs between the frame rotations clockwise and counterclockwise. According to all acquired data from multirate tests, (5) can be expressed by
where vector 9×1 contains the parameters to be calibrated. 
. . .
. 
By the optimal estimation algorithm such as the least square method, vector can be obtained by
According to (1), parameters of 0 , 0 , and 0 can be written as 
(0) stands for three gyroscope outputs from MIMU when the turntable keeps stationary. By the data acquired when the turntable keeps stationary, we can calculate 0 by
Derivation for Parameter Estimation in (2).
Parameters in (2) can be estimated by multiposition tests. Equation (2) can be written as
where Vector contains the parameters to be calibrated. 
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From the acquired data during multiposition tests, we can establish the following estimation mode for the parameters in (2):
where ×1 = [ ] . In Figure 3(a) , the specific force along three axes during the tests is defined as = [ (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)]. In Figure 3(b) , the specific force along three axes during the tests is defined as = [ (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)]. In Figure 3(c) , the specific force along three axes during the tests is defined as = [ (1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
By the optimal estimation algorithm such as the least square method, vector 12×1 can be obtained by
Experiment and Error Analysis
3.1. Experiment. Implement the experiment as described in Section 2. And repeat the calibration procedure for 5 times to ensure the reliability of the calibration. Calculate the average of each acquired data during multirate tests, and then the parameters in the output model for triaxial angular rates can be obtained according to Section 2.3.1, which are listed in Table 1 .
Calculate the average of each acquired data during multiposition tests, and then the parameters in the output model for triaxial specific forces can be obtained according to Section 2.3.2, which are listed in Table 2 .
Calculate the average of each parameter by five groups of experimental data, and substitute them into (1) and (2), and then the actual triaxial angular rates and specific forces along three axes of MIMU can be obtained.
Error Analysis.
Since all parameters have been estimated, the outputs of triaxial angular rates and specific forces along three axes of MIMU can be compensated according to (1) and (2) .
To evaluate the performance of the proposed calibration method, the verification experiment is implemented. Take the example for the input angular rates on three axes; the output angular rates on each axis will be illustrated. The test is carried out by rotating -axis, -axis, and -axis of the turntable with different angular rates. And then acquire the original output of MIMU. Compensate the original acquired data by the proposed method and the traditional method, and the results will be illustrated in Figures 4-6 .
In Figure 4 , the input angular rate is along -axis. The range is −300 ∘ /s∼300 ∘ /s. And the output angular rates on each axis are shown in Figure 4 .
In Figure 5 , the input angular rate is along -axis. The range is −300 ∘ /s∼300 ∘ /s. And the output angular rates on each axis are shown in Figure 5 .
In Figure 6 , the input angular rate is along -axis. The range is −3600 ∘ /s∼3600 ∘ /s. And the output angular rates on each axis are shown in Figure 6 .
Output errors of the angular rates before and after compensation by the proposed method and traditional method are listed in Table 3 .
In Figure 4 , the output angular rates of -axis andaxis after compensation will not increase as the input angular rate along -axis increases. The same effect can be illustrated in Figures 5 and 6 . In Table 3 , it is obvious that the output errors of the angular rate have been well compensated, and the proposed method has the same compensation effect as the traditional method. However, we should emphasize the fact that the proposed method can avoid the calculation of the inverse matrix in the traditional method; thus it can alleviate the computing burden for the system.
Conclusion
In this paper, we proposed a new calibration method for MIMU which is used for the application of guided spinning projectiles. From the point view of the engineering application, calibration model was established, and the derivation for parameters estimation has been introduced. By multirate tests and multiposition tests, all the parameters in the calibration model were well calibrated. Verification experiment shows that the proposed method has the same compensation effect as the traditional method, but it can alleviate the computing burden for the system. Thus, for the future engineering calibration, the proposed method will have a wide application prospect.
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